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I .  
PURPOSE - 

To improve the power output per  uni t  w e i g h t  of a power supply 

for an orbi t ing vehicle, the development of  a sealed s i lve r  oxide-cadmium 

bat tery was in i t ia ted .  This battery development contract specizied the 

requirement of a basic f ive  ampere-hour c e l l  capable of cycling for one 

year a t  a cyclic frequency of 100 minutes. 

t es t ing  and support development work had to  be performed. 

other major phases of work which were performed are: 

I n  addition t o  cycling, other 

Basically, the 

1. The improvement of seals t o  e l in ina te  o r  minimize leakage 

during cycling an3 stand. 

2. Separation evaluation studies to  improve the cycl ic  l i f e  

of a sealed s i lve r  oxide-cadmium ce l l .  

3. 

4. 

5. 

6.  

Minimize the mapet ic  properties of the  c e l l .  

Establish the dynamic t es t ing  levels for the cel l  design. 

Improve the power output pe r  un i t  weight. 

Determine the operating character is t ics  and activated 

s t and  character is t ics  of t h e  cell  a t  various temperatures. 

7. Perform t e s t s  to evaluate the couple for  extended overcharge 

periods and t o  establish the operating pressure as a function of the 

overcharge current. 
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1. INTRODUCTION 

During t h i s  contractual period, cel l  design has progressed from 

the cylindrical  c e l l  t o  the prismatic or  rectangular ce l l .  The rectangu- 

l a r  cell is'rnore advantageous i n  that  the separated core lends i t s e l f  

more readi ly  to  f i n a l  inspection than does the cyl indrical  c e l l  core. 

Also, the method of separation of the rectangular cell  protects  more 

e f f i c i en t ly  against .internal shorting. It is a lso  f e l t  tha t  the rectan- :I 
gular c e l l  core lends i t s e l f  more readi ly  t o  overal l  battery configura- 

t ion  a s  w e l l  a s  controlled mass production. 

:Ir - 

Diff icul ty  was encountered in the e f f o r t  t o  minimize the magne- 

t i c  properties of the ce l l .  

i n  the fabrication of test c e l l s  have minimum magnetic properties and 

have been proven sui table  for  long cycl ic  operation. 

However, a l l  materials presently being used 

The ffve ampere-hour s i l ve r  oxide-cadmium c e l l  should be capa- 

b l e  of cycling for  one year a t  a I00 minute cycl ic  frequency and ten per- 

cent depth of discharge when temperatures a r e  controlled between 20' and 

80" F. 

cadmium bat te r ies  were cycling a t  the conditions prescribed by the NASA 

Contract NAS5-1318. 

f 01 lows : 

At the end of the contract period, two sealed s i l v e r  oxide- 

The two tes t s ,  which a re  being conducted, a r e  as  

1. A 10% depth of discharge a t  80' I? at an absolute pressure 

of less than 100 microns. 

the  end of the contract per iod.  

The bat tery had completed 1841 cycles a t  

2. A 10% depth of discharge a t  20' F a t  normal atmospheric 

pressure. 

contract  period. 

The bat tery had completed 2155 cycles a t  the end of the 
0 
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To bet te r  evaluate the performance of the silver-cadmium system 

when subjected to  very deep discharges, another cycl ic  test is being con- 

ducted. This test consists of a f ive  ampere-hour discharge over a two 

hour period, and an 18 hour charge at  a constant voltage of 1.50 vol t s  

per cel l  w i t h  the current l i m i t e d  t o  2.0 amperes. 

capacity of these cells was approximately s ix  ampere-hours and with some 

capacity loss  during the  i n i t i a l  cycling, this test consists essent ia l ly  

of a 1009, depth of discharge. 

normal atmospheric pressure and had completed 154 cycles a t  the end of 

Since the or iginal  

The test i s  being conducted a t  80’ F and 

the contract  period. 
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TI. FACTUAL DATA 

A. Cell Design 

1. Original Charged Plate Construction 

One of the l imiting factors of the u t i l i za t ion  of charged plates  

in c e l l  construction is  the sloughing action of cadmium during formation. 

Because of this sloughing action, much of the ac t ive  material i s  l o s t  dura 

ing formation, and poor p la te  production is' a resu l t .  
. I  

Therefore, the 

amount of act ive material t h a t  can be uniformly deposited and insure good 

p la t e  formation is limited. Since the amount of ac t ive  material tha t  can 

- . -  be uniformly deposited is l i m i t e d ,  a greater amount of thin plates  must 

be used i n  c e l l  csnstruction, thus increasing the r e l a t ive  amount of in- 

ac t ive  material such as grid and separator. 

Another d i f f i cu l ty  encountered i n  tile use of charged plates  i n  

cell  construction is i n  balancing the act ive materials t o  obtain an equiv- 

d e n t  overbalance of cadmium being necessary t o  guard against the evolu- 

tion of hydrogen. 

present formation methods, i t  would be difficult t o  maintain proper act ive 

material  balances for  ohtaining maximum power output. 

Since varying cadmium p la t e  eff ic iencies  occur under I- - 

.I 
I 

I n i t i a l  c e l l  construction u t i l i zed  cyl indrical  "D" s i ze  container. . *  
The power output of the rectangular c e l l  is  not as  great as t ha t  of a 

cyl indrical  cell  of comparable volume i n  small sized ce l l s .  1. Because of 

the space required for  the inner retainer,  terminal spades, and tabs, 

f u l l  u t i l i za t ion  of  the rectangular container volume is not possible. 

This space amounts t o  about 25% of the t o t a l  volume. 

container, nearly f u l l  u t i l i za t ion  of the volume is  possible with more 

In the cyl indrical  

. 

than 90% of i t s  volume being available for  use. The power output of the 

nominal f i va  ampere-hour cyliadricsl cell is appxoxircately 1.75 aatt-hours 
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per cubic inch, while for  the similarly rated rectangular c e l l ,  the power 

output is 1.65 watt-hours per cubic inch. 

Several reasons ex i s t  for the t rans i t ion  from the cyl indrical  

. to  the  rectangular c e l l  container. 

lar  cell  lends i t s e l f  more e f f ic ien t ly  to good packaging procedures. 

Also, the separated core of the rectangular cell  lends i t s e l f  more readi ly  

to  good production methods and f ina l  inspection than does the separated 

cyl indrical  core. 

s t ruct ion of the cyl indrical  core, the  use  of uncharged p la tes  is not 

One such reason is tha t  the rectangu- 
' 

Because of the ro l l i ng  operation involved i n  the con- 

su i tab le  fo r  good c e l l  performance and cyclic l i f e .  

uncharged plates,  cracking and sloughing of the ac t ive  material occurs, 

When ro l l i ng  the 

thereby reducing cell  performance and increasing the poss ib i l i ty  of in te r -  

na l  shorting. Therefore, it has been necessary t o  use charged plates  i n  

the construction of the cylindrical  core. 

Also, when charged plates a re  used i n  c e l l  construction, the 

Since posi t ive plates  a r e  charged to  the divalent oxide voltage level.  

s i l v e r  is a noble metal, i t s  ion has great tendency to be reduced and, 

in t h i s  respect, i t  is a very good oxidizing agent. 

oxidation potential  a t  the positive plate,  the separator material deter i -  

oration, cyclic l i f e  i s  decreased when charged plates  a r e  used i n  c e l l  

construction or  when the c e l l  i s  operated a t  the higher oxidation s t a t e  

of s i l v e r  . 

Because of the severe 

2. Uncharged Pla te  Construction 

The monovalent s i l ve r  oxide-cadmium system appears t o  have a 

greater potential  fo r  achieving long cyclic l i f e .  Apparent advantages 

tha t  the monovalent s i l ve r  oxide-cadmium system has for  achieving long 

cycle l i f e  are as  follows: 
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Operating a positive p l a t e  a t  its lower s t a t e  of oxida- 

t ion should extend separator l i f e  due t o  i t s  lower 

oxidation potential. 

Since the oxidation of  s i l ve r  to  the monovalent s t a t e  is 

exceptionally eff ic ient ,  the cell should operate a t  B low 

internal  pressure. I 

Maintaining the positive p l a t e  a t  the lower s t a t e  of oxida- 

t ion would increase the plate 's  matrix st ructure ,  thus mini- 

mizing the shedding of act ive materials. 

By controlled chargins, an extremely f ine  discharge voltage 

control can be achieved, 

A def in i t e  advantage of the monovalent s i l v e r  oxide-cadmium 

system is that  recharging can be accomplished veiiy eff ic ient ly .  

instances, the recharge efficiency approaches 100%. 

graph of the input and output capac€ty of a ten cell  bat tery tha t  is being 

operated a t  the capacity of monovalent s i l v e r  oxide. The bat tery is 

cycling automatically a t  a 100 minute  frequency. During the 63rd cycle, 

0.52 ampher-hour was removed from the bat tery i n  the 40 minute discharge 

time, and 0.54 ampere-hour was replaced in the  60 minute charging period 

with no loss  i n  capacity in subsequent cycles. 

shows an operating efficiency of 96.5%. 

I n  most 

Figure No. 19 is a 

This output to  input ratio 

Since the oxidation of s i lver  t o  the monovalent s t a t e  is excep- 

t iona l ly  e f f ic ien t ,  a high recharge efficiency can be maintained through- 

out prolonged cycling. 

. By u t i l i z ing  uncharged plates in c e l l  construction, p l a t e  manu- 

facturing is great ly  simplified. 

fabricai2on is no longer necessary, thereby decreasing the t i m e  required 

The formation of p la tes  prror  t o  c e l l  
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for p la t e  production. 

s t ruct ion,  which a11ows more active material t o  be placed i n  a given 

volume. This, i n  turn, reduces the re la t ive  amount of inact ive cell  

material  such as g r i d  and separator. The power output per uni t  weight 

Plates of higher density can be used i n  c e l l  con- 

of the cell  is therefore improved. 

the  increase i n  current densit ies w i l l  cause lower c e l l  voltage. The 

increased power output per un i t  weight is therefore made a t  the sacr i -  

fice of voltage at high discharge rates. 

However, a t  higher discharge ra tes ,  

I 

When forming the uncharged plates,  voltage controls are main- 

tained such that  the charging r a t e  w i l l  be reduced to  milliamperes then 

the cell i s  a t  the capacity of the s i lve r  monoxLde s ta te .  Since oxida- 

t ion  of s i l ve r  to  the  monovalent s t a t e  is exceptionally eEficient, the  

cell  operates a t  a low in te rna l  pressure. 

in te rna l  c e l l  pressure, sealing of the cell can be accomplished more 

e f f i c i en t ly  for  long cyclic operation. 

extended due to  the l O t 7 e r  oxidation potential  of the posi t ive p l a t e  when 

operating a t  the  monovalent oxide voltage level,  thus extending c e l l  l i f e .  

Because of the great ly  reduced 

Also, separator l i f e  should be 

3. Optimum C e l l  Desim 

La order to  minimize the magnetic properties of the  cell,  the 

container is dram from Type 321 s ta inless  stee?.. From the available con- 

ta iners ,  one was chosen whose s ize  was adequate to  produce the necessary 

f ive  ampere-hours. Tne dimensions of the  container a re  as follows: 
' 

Outs ide  Length 1.469 f .010 inches 

Outside Width 0.781 f ,010 inches 

Height 4.000 f .010 inches 

Wall Thichess 0.019 k .003 inches 
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The container covers and terminals a r e  a l so  of 300 series s ta in-  

less s tee l .  

I n  the fabrication of the rectangular c e l l ,  four posit ive and 

five negative p la tes  a r e  used, the sizes of which are 1.25 by 3.00 inches. 

A r a t i o  of negative to  posi t ive weight of 1.40 t o  1.00 is ut i l ized ,  con- 

s i s t i n g  of 3.69 grams per square inch of negative ac t ive  material and 3.30 

grams per square inch of posi t ive act ive material. 
. .  

To separate the plates ,  two posit ive plates  are l a id  end t o  end 

and wrapped with one layer of #9526 nylon nearest  the plates ,  and four 

layers of #600 cellophane. The separated posi t ive p la tes  a r e  folded to- 

gether and a negative plate ,  which has one layer of R-35-D Vislton around 

it, is hserted between them. This method of separating plates  minimizes 

in te rna l  shorting of the c e l l  due t o  "sloughing" of act ive material and 

should add to  the cycle l i f e  of the ce l l .  These separated p la tes  a re  

then combined to  form a cel l  core consisting of four posi t ive and €ive 

negative plates .  

After the c e l l  core has been separated, the posi t ive and nega- 

tive tabs are crimped and spotwelded to  form a s ingle  posi t ive and s ingle  

negative tab for  the attachment of terminals. 

length and inserted i n  the spade portion of the terminals. 

a r e  then crimped and spotwelded t o  complete the terminal connections. 

The tabs a re  then cu t  t o  

The spades 

The inner portion of  the sea l  is attached to  the cel l  core and 

the core is then placed in a cell container and the cover heliarc-welded 

t o  the container. 

Before the  outer portion of the sea l  is applied, the c e l l  is 

activated with 28.0 cc of 1.303 specific gravity potassium hydroxide. 

After activation, the outer  sea l  is applied and the c e l l  is then coruploted. 

The average weight oE the completed c e l l  is 232.0 grams. 

- 53 - 



B. Seal Improvement 

During t h i s  contractual period of work, t v o  di f fe ren t  sea ls  

were used i n  test cel l  fabrication. 

test ce l l s ,  a glass  sea l  which was readi ly  available was used i n  most 

i n i t i a l  fabrication. 

t ion  and again a f t e r  a l l  welding was perfomed on the cell. 

metal sea l  w i l l  perform well for very short  intervals ,  but any long per- 

iods of cycling w i l l  completely destroy i ts  a b i l i t y  to  contain the  

potassium hydroxide electrolyte ,  

To f a c i l i t a t e  the construction of 

These seals  were pressure tested pr ior  t o  in s t a l l a -  

The glass-to- 

The second sea l  t ha t  was used was a compression type seal.  

The compression sea l  consists of three major components: 

re ta iner ,  a tef lon O-ring between the inner re ta iner  and 'cel l  cover and 

Ground the terminal, and a nylon outer retainer.  

t a ine r  is constructed t o  serve a dual purpose, the f i r s t  being t o  insu- 

l a t e  the terminal from the c e l l  container and cover. 

constructed t o  assure tha t  the terminal does not turn, which would cause 

shorting or  severing 02 the  tab-to-teruinal connection. 

compressed between the terminal and the cover, thereby affect ing a posi- 

t i v e  seal .  This conditSon i s  aided by tapering the terminal hole i n  the 

cover. 

one s ide .  This r ing  is essential  a s  it compresses the O-ring fron the 

outer s ide  and i t  also seals  the terminal opening i n  the cover. 

Type AA Loctite i s  applied about the terminal t o  assure t ightness of the  

seal . 

A tef lon inner 

The tef lon inner re- 

Secondly, it is  

The O-ring is 

The nylon outer re ta iner  i s  machine6 with a coiapression r ing  on 

Finally,  

The compression type seal cannot be c lass i f ied  as a hermetic 

seal ,  but appears to-do a sat isfactory job of containing the e lec t ro ly te  

and evolved oxygen. The leak r a t e  sf t h i s  type of sea l  has been measured 
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with a mass spectrometer a t  1.1 x lo” cc of helium per second a t  a 15 

p s i  d i f fe ren t ia l .  

proven superior t o  available glass seals. 

Wiile t h i s  seal is f a r  from the ultimate, it has 

A number of commercial manufacturers have been approached fo r  

the purpose of obtaining a ceramic sea l  tha t  would be sui table  fo r  t h i s  

operation. 

oxygen and KOH atmasphere. 

have not disclosed a vast ly  superior ceramic seal.  

Several sample seals  have been obtained and tested i n  an 
I 

These i n i t i a l  tests, although not complete, 

C. Separation Evaluation 

The l i f e  of a sealed silver-cadmium element w i l l  be governed 

pr i r ,ar i ly  by the  a b i l i t y  of insulating materials t o  re tard the t ransfer  

and deposition of s i l ve r ,  e i ther  i n  the separator or on the negative 

plate .  

ency t o  be reduced and, i n  this respect, it is a very good oxidizing 

agent. 

the following requirements: 

The fact tha t  s i l v e r  is a noble metal, i t s  ion has great tend- 

It has become apparent that a good separator material must have 

1. Abili ty t o  withstand the severe oxidation potent ia l  a t  

the posit ive plate.  

Of small enough pore s i ze  t o  re tard the migration of 

s i l ve r ,  yet  capable of l imiting in te rna l  res is tance t o  

a minircum. 

Capable of withstanding high and low temperatures without 

appreciable change i n  pore volume. 

Stable i n  potassium hydroxide over a wide range of 

temperatures. 

Of suf f ic ien t  pore volume t o  hold the amount of electro- 

l y t e  reqeire? tc? satisfy conditions for reccztbinati.cn 

2. 

3. 

4. 

5 .  
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of cadmium and o-xygen without undue ef fec t  t o  capacity 

efficiency . 
Void of organic material which may be oxidized to  carbon 

dioxide with subsequent formation of cadmium carbonate. 

Because of the extreme length of t i m e  necessary t o  evaluate 

6. 

separator materials when subjecting conplete assemblies to  l i f e  tes t ing,  

i t  was considered desirable to  develop a method t o  accelerate breakdown 

of separator materials. 

assembling designed to  f a c i l i t a t e  the tes t ing of separator materials. 

Insulating materials t ha t  were evaluated were used i n  the assembly of 

a simple three-plate element of one posit ive and two negative plates.  

The assembly was clamped i n  a special holder thereby one outside nega- 

tive p l a t e  was held t igh t ly  and covered completely with a p l a s t i c  block. 

The other negative p l a t e  was held i n  place with a smaller p l a s t i c  block 

such tha t  par t  of the p la te  57as exposed. I n  asseabling, care was taken 

t o  assure tha t  each c e l l  was held by the i r  blocks a t  the same pressure. 

Eight of these three plate elements were assembled with vari-  

Figure No. 20 shows a container and method of 

ous separator materials €or the separation evaluation test. 

were flooded with electrolyte.  

of these c e l l s  were as follotis: 

The cells 

The separators used i n  the construction 
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'I C e l l  No. Vraps about Positive Wraps about Negative 

1 89526 Nylon, 1 #133 Vislcing 

1 as526 Nylon, 2 #133 Visking 

1 a9526 Nylon, 2 #GOO Cello. 

1 #R-75-D Vislcon 

1 #R-75-D Viskon 

1 #R-75-D Viskon 

1 9600 Permion, 2 #300 Cello. 

,l #9526 Nylon, l a133 VislcinQ 

1 #9526 Nylon, 3 #600 Cello. 

1 Q9526 Nylon, 3 #300 Cello. 

1 #9526 Nylon, 1 1300 Cello. 

1 #133 Visking 

1 #R-75-D Vislcon 

1 #R-75-D Viskon 

1 $R-75-D Viskon 

1 #R-75-D Viskon 

1 #R-75-D Viskon 

1 #R-75-D Viskon 

t 

These cells were then placed on automatic cycling which con- 

s i s t e d  of 20 minutes discharge time and 40 minutes charge t i m e ,  During 

the discharge portion of the  cycle, 20 ampere-nttnutes were removed from 

the cell ,  and 34 ampere-minutes were replaced during charge. 

amounted to  70% overcharge i n  each cycle. 

This 

Cell No. 2 fa i led  a f t e r  949 cycles, and a "post mortem" of the 

cell  revealed no visible shorts. Failure of the cell was a t t r ibu ted  t o  

the badly oxidized s t a t e  OE the separator, 

were placed on' open c i r c u i t  voltage stand for nine days, 

c e l l  voltages a f t e r  the stand period showed tha t  c e l l  No. 4, 6 and 8 still 

had an open c i r c u i t  m l t a g e  of 1.42 volts.  The open c i r c u i t  voltage of 

the other cells had decayed t o  a maximum of 1.113 volts ,  thus indicating 

that shorting o f  various degrees hac! occurred. 

After 1768 cycles, the cells 

A check of the 

The r e su l t s  of t h i s  tes t  indicated tha t  the M I  Permion separa- 

tor (a polyethylene g i l m )  might be the most desirable of the separators. 

Therefore, subsequent: ce l l  fabrication u t i l i zed  various combinations of 
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. . No. 300 Permion and cellophane as the barr ie r  mcnbrane. However, cycling 

tests showed a considerable loss of capacity over i n i t i a l  cycles and 

shorter  cell  l i f e *  

Permion was not suf f ic ien t ly  retarding the rcigration of s i lver .  

Investigation of these c e l l s  indicated tha t  the #300 

The l imi t ed  tes t ing of the RAI separation indicated tha t  it i s  

not superior t o  cellophane for  normal' temperature c e l l  usage and has the 

disadvantage of being very costly. Therefore, a l l  the  l a t e s t  rest c e l l s  

a r e  fabricated using multiple layers of cellophane as the membrane separ- 

ator. It is possible, however, that  the RAI separators a r e  be t te r  sui ted 

fo r  use a t  temperatures in excess of 100' P. 

D. Mamstic Properties 

In an e f fo r t  t o  minimize the magnetic properties, 300 series 

s t a in l e s s  steel was used wherever possible. 

nonmagnetic properties and i s  very easy to  weld. The tenninals used i n  

a l l  cell  construction a r e  machined from 300 se r i e s  s ta in less  s t e e l ,  and 

the cans and covers a r e  drawn from Type 321 s ta in less  steel. 

This material has excellent 

An expanded s te in less  s t ee l  g r i d  vias a lso  obtained fo r  possible 

use as the g r i d  material in c e l l  conszruction. 

working of the material during the expanding process had hardened the 

However, excessive cold 

material to  such a degree th t  it was inpossible t o  use. 

annealing the g r i d  i n  a standard i n e r t  gas furnace improved the handling 

Attempts a t  

charac te r i s t ics  o€ the material, b c t  l e f t  a very hard oxide coating tha t  

was undesirable and very d i f f i cu l t  t o  remove. 

cia1 special  metals companies would guarantee an oxide f r ee  annealed grid,  

Since none of the comer- 

investigations in to  the procurement of other grid materials were made. 

Rx, other gr id  materials were obtained which might possess 

s u i t a t i e  e i ec t r i ca l  conductivity and uagnetic properties for  t h i s  
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part icular  application. 

nickel s i lver .  

t o  be excellent. However, the e lec t r ica l  r e s i s t i v i t y  of both materials 

was excessively high. 

lower voltage level  during discharge of the test cells. It was decided, 

therefore, t o  use s i l v e r  g r i d s  on both the posi t ive and negative plates.  

However, i n  a l l  c e l l  fabrication, s ta in less  steel p l a t e  tabs a r e  used 

as connectors between the grid and the terminals. This prohibits the 

poss ib i l i ty  of complete oxidation and subsequent f a i lu re  of the current- 

carrying p l a t e  tabs which might occur i f  s i l v e r  gr id  o r  wire was used. 

These two materials vere cupro-nickel and 16"/, 

The nonmapetic properties of these materials were found 

This hi&\ grid resis tance produced a noticeably 

I 

A l l  materials used i n  c e l l  construction possess minimum mag- 

n e t i c  properties which should be sui table  for  t h i s  par t icular  applica- 

t i on  . 
E. Dyn arnic Testing Performance 

The f i n a l  design of the rectangular c e l l  appears t o  withstand 

the normal dynamic conditions which could be present during the launch 

phase of an orb i t ing  vehicle. 

subjected to  vibration, shock and acceleration tha t  i s  i n  excess to  the 

Both s ingle  cells and ba t te r ies  have been 

normal range of requirements. 

Both ten c e l l  bat ter ies  and s ingle  cells vere subjected to  the 

following dynamic testing. 

Vibration - 
Frequency G Force o r  

Double Amplitude 

5 t o  20 cps 

20 t o  500 cpa 

500 t o  2000 cps 

0.5 in.  

15 
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Shock - 
Time i n  Each Plane 

10 Ms 

G Force 

100 G 

Acceleration - 
Time in Each Plane G Force 

15 Min . I  50 G 

30 Min (Terminals out )  100 G 

During a l l  dynamic tes t ing the cells were discharged a t  a r a t e  

of 0.75 amperes. There was no indication of any malfunction during a l l  

t e s t ing  . 
Post mrtems, performed on c e l l s  t ha t  had been 'subjected t o  a l l  

of the tests mentioned above, revealed no physical damage of any type. 

Other cells of the same test group were cycled subsequent to the dynamic 

tes t ing  and performed sa t i s f ac to r i ly  with no apparent loss  i n  capacity or 

cyc l ic  capability. 

F. Capacity and Weight Improvement 

A sac r i f i ce  of power output pe r  uni t  weight was made i n  the 

t rans i t ion  from the cylindrical  "D" c e l l  t o  the prismatic or  rectangular 

ce l l .  

volume can be accomplished i n  the cylindrical  ce l l .  

the nominal f i ve  ampere-hour cylindrical  cell  i s  approximately 1.75 watt- 

. hours per cubic inch, while for  the similarly rated rectangular c e l l ,  the 

This was expected, i n  that more complete u t i l i z a t i o n  of the cel l  

The power output of 

power output is  approximately 1.65 watt-hours per cubic inch. 

The change to - the  rectangular cel l  construction, however, enabled 

the use of higher density unformed plates.  

of tho c e l l  volume, a noininal Eive ampere-hour c e l l  w i l l  produce 

Through maximum u t i l i z a t i o n  

- GO - 
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approximately 16 watt-hours pe r  pound when c e l l  operation is maintained 

a t  the  monovalent oxide voltage level. However, operation of the same 

cell  a t  the divalent oxide voltage w i l l  produce approximately 25 watt- 

hours per pound. 

Since it appears that  the monovalent s i l ve r  oxide-cadmium 

system is more su i tab le  for  the long cyclic operation required for  this 

application, u t i l i za t ion  of the maximum power output per un i t  pound can- 
I 

not be obtained. Rowever, i t  is f e l t  that  basic research should be per- 

formed to  be t te r  evaluate and compare the two basic silver-cadmium systems, 

expecially with respect to  t h e i r  maximum capabi l i t ies .  It is more than 

conceivable tha t  both systems have a def ini te  place i n  the family of 

mi l i ta ry  power supplies. 

G. Operation Characteristics 

Since unformed plates  are used i n  a l l  c e l l  construction, it is 

necessary t o  charge them t o  prepare the c e l l  €or operation. To properly 

develop the plates  i n  the c e l l ,  it has been r'ound tha t  a minimum of f ive  

charge and discharge cycles a r e  required to  obtain maxinun capacity. 

A l l  c e l l  formation has been accomplished by controll ing the maximum volt-  

age drop across each c e l l  t o  1.50 vol ts  per ce l l .  The maximum current 

t ha t  has been used for formation is 2.0 amperes and the current decreased 

as the  cel l  voltage reaches 1.50 vol ts .  Electroformation is accomplished 

with a Harrison Laboratories 855 B current l imit ing constant potent ia l  

charger. The c e l l s  a re  considered charged or formed when the current 

decreases t o  a leve l  below SO milliamperes. 

to  obtain the or iginal  formation is usually about 16 to  20 hours. 

The time in te rva l  required 

On 

each subsequent charge and discharge cycle, the capacity of the c e l l s  

w i l l  increme s l igh t ly  for  the f i r s t  f ive  cycles and a f t e r  tha t  rime, 
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l eve l  off a t  a constant ampere-hour output or‘ approximately 6.5 ampere- 

hours. 

for longer periods of t i m e .  

charge a t  1.50 vo l t s  constant potential for  approximately f ive  days, 

This capacity can be increased by alloving the c e l l s  t o  charge 

It has been found that  allowing the cell  t o  

the capacity of the c e l l  can be increased t o  9.5 ampere-hours thereby 

u t i l i z i n g  s i l v e r  a t  i t s  dioxide level. . a  

Figure No. 21 is a typical charge curve for  a ten c e l l  bat tery 

e t  80’ F. Since only approxlmately 0.5 ampere-hour had been discharged 

from the battery,  charging was accomplished i n  60 minutes. Charging was 

accomplished, u t i l i z ing  the Harrison Laboratories 855 B current l imiting 

constant potential  charger, l imiting the current: t o  2.0 amperes and the 

voltage drop across the battery a t  1.50 vQl ts  per cell. 

from data presented i n  Figjre  No, 21 tha t  the charge current decreases 

as the  cell  voltage increases. 

It is  apparent 

Since the charge efficiency is very hip& a t  1.50 vol t s  constant 

potential  charge, very l i t t l e  gas is  evolved and in te rna l  pressure of the 

cel l  is usually very low. 

Because of t h e  l i m i t e d  number of p la tes  t ha t  a r e  used i n  the 

cell  construction, the cell is designed for  low discharge r a t e s  t ha t  a r e  

not i n  excess of three amperes. Figure No. 22 presents a typical d i s -  

charge voltage curve of a nominal f ive  ampere-hour discharged a t  3.0 

amperes and a t  80’ F. These data disclose that  approximtely 25% of the 

t o t a l  discharge t i m e  occurred a t  the divalent oxide voltage. A divalent 

oxide voltage w i l l  occur over prolonged cycling, even though charging is  

controlled a t  a constant voltage of 1.5 vol t s  per cell.  

ampere-hours is obtained, when the c e l l  is discharged to an end voltage 

A capacity of 6.75 

of 1.0 vol t .  
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The nominal f ive  ampere-hour c e l l  should be capable of long 
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. B.:- 

cyclic l i f e  a t  norual operating temperatures. &never, cyclic l i f e  of 

the cell  i s  considerably decreased when temperatures i n  excess of 100' F 

occur. 

hour cell  a t  120" F would be very similar t o  those revsaled by curves 

A typical  charge and discharge curve fo r  the nominal f ive  ampere- 

. I  
a t  80' F. 

Cyclic tests have indicated k a t ' t h e  c e l l  should also be 

capable of long cycl ic  l i f e  a t  20" P, 

f i v e  ampere-hour ce!;. a t  20' F would a l so  be very s imilar  t o  tha t  

A typical  charge of the nominal 

revealed by curves a t  GOo F. However, a s l i gh t  decrease i n  capacity 

might occur, because of the decrease i n  p l a t s  efficiency a t  lower tem- 

peratures. 

cadmium p la t e  and operating the c e l l  is  a semi-dry s ta te .  

operation of the c e l l  is a semi-dry s t a t e  is incongruent with long cyclic 

However, 

0 

I '  l i f e  and Ligh output per  uni t  wei&t. To fncrease the available cadmfum 
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€I. Overcharge Evaluation 

In i t i a l  investigations of sealed c e l l s  u t i l i z i n g  the maximum 

potent ia l  power of the divalent s i lver  oxide revealed tha t  several var i -  

ables  existed which would a f f ec t  recombination during overcharge. 

was found tha t  the r a t i o  of positive t o  negative act ive materials, t h e i r  

f i n a l  state-of-charge prior to  sealing, t he i r  degree of wetting w i t h  

potassium hydroxide for reaction, r a t i o  of cadmium t o  p l a t e  surface area, 

type g r i d  metal and perhaps other variants w i l l  a f fec t  the speed of re- 

combination. 

It 

Unless a re la t ive ly  high r a t e  of recombination can be achieved, 

excessive oxygen pressures occur even a t  low r a t e s  of charge. An i m -  

proved r a t e  of recombination can be achieved by increasing the area of 



area,  a greater number of th in  plates uust be used, thus increasing the 

r e l a t ive  amount of inactive material such as grid and separator. 

The monovalent si lver oxide-caclmius system appears to  have a 

greater  potential  for  achieving long cyclic l i f e .  

s i l v e r  t o  the monovalent s t a t e  is exceptionally e f f ic ien t ,  and the cel l  

The oxidation of 

w i l l  operate a t  a low in te rna l  pressure. 

a cell  a t  the monovalent oxide capacity' level  by constant potent ia l  

Therefore, i n  the operation of 

charging a l lev ia tes  the necessity of a high recombination rate .  

I. Environmental Test ing 

1. 

One bat tery consisting of ten rectangular c e l l s  connected i n  

Cyclic Test a t  LO% Depth of Discharge, +20° F 

series was subjected t o  cycling tes t ing a t  a temperature of 20 2 1' F. 

This test, which is being performed a t  atmospheric pressure and consists 

of removing 0.5 ampere-hour i n  a 40 minute t i m e  in te rva l  and charging a t  

a modified constant current, constant voltage of 1.5 vol t s  per c e l l  for 

60 minutes. A t  the  completion of the contract period, t h i s  bat tery had 

completed 2155 cycles of charge an3 discharge with no indication of any 

cell  f a i lu re  o r  i r regular i ty .  

The bat tery i s  monitored dai ly  a n d  the end-of-charge and d i s -  

charge c e l l  voltages a re  recorded. 

voltages have remained very consistent throughout the e n t i r e  test as  is 

apparent from data i n  Table No. XV. 

decrease i n  the operating voltage of the battery. 

p lo t  of the discharge voltage of the bat tery during i ts  i n i t i a l  discharge 

cycle and also,  durinz i t s  1793 discharge cycle. 

curves, i t  can be seen tha t  there is a def in i t e  loss  of divalent voltage 

over t h i s  l i m i t e d  number of charge and dfssharge cycles. 

The end-05-charge and end-of-discharse 

However, there has been a s l i gh t  

Figure No. 23 is 8 

From these discharge 

0 

This decay of 
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the divalent oxide voltace was anticipated since the charging of the 

cells is controlled a t  a v d t a g e  that is 1017 enough to  prohibi t  the forma- 

t ion  of any appreciable amount of the hisher oxide during these short  

charge intervals .  

2. 

A bat tery consisting of 10 se r i e s  connected rectangular type 

Cyclic Test a t  10% Depth of Discharge 120' F 

sealed silver-cadmium c e l l s  was subjected t o  cyclic tes t ing  a t  120' 5 2' F. 

The test, which was conducted at  atmospheric pressure, consisted of a 40 

minute discharge and 60 minute charge. 

0.5 ampere-hour was removed. The charge voltage was controlled a t  1.50 

vol t s  per cell,  or  15 vol ts  for the en t i r e  10 c e l l  battery. 

current is l i m i t e d  to  a maximum of  2 amperes, with the current decreas- 

During the discharge interval ,  

Charging 

ing as the maximum battery voltage was reached. 

During the l i f e  of the test, the end-of-charge and end-of-dis- 

charge voltages of each c e l l  were recorded daily. 

closes the end-of-charge and discharge voltages a s  they were recorded. 

Charge and discharge voltages tiere found t o  vary great ly  i n  some cells 

while others remained f a i r l y  constant throughout the tes t .  

Table No. XVI dis- 

After completing 624 charge and discharge cycles, the end-of- 

charge voltage of c e l l  no. 41 was very low and it was apparent tha t  the 

cell  had a small in te rna l  short. Because of t h i s  low cell  voltage, the 

test was temporarily halted while c e l l  no. 41 was removed from the bat- 

tery package. 

the charEe and discharge c i r c u i t  readjusted, the bat tery was on open 

c i r c u i t  stand a t  room temperature. 

overnight a!: the  room temperature, a routlne check of the c e l l  open c l r -  

cuit voltages was made. It was found a t  t h i s  time tha t  the open c i r c u i t  

While the cell was beins removed from the battery,  and 

After the bat tery had been on stand 
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voltage of one other cel l  was also 3.m. A "post nortern" oC the two 

minutely shortec! ce l l s  revealed severe deterioiiation of the separatwrs. 

It was decided a t  this t h e  to  leave the remaining c e l l s  on open c i r -  

c u i t  stand and t o  monitor the open circuit voltage periodically. The 

remaining cells were then "post mortemed" and a similar deterioration 

of the separator was noted. 
. I  

The separation u t i l i zed  i n  die construction of these cells 

consisted of four wraps of 600 cellophane and one wrap of RAI Permion 

300. 

nylon. 

The i n e r t  separaiAon next to the posit ive material was woven 

The "po3t morted' revealed tha t  while the cellophane had almost 

completely deteriorated,  tho Pexmion WGS still Ctlirly strong but corn- 

p le te ly  coated with s i lver ,  and electron€cally con3uctFve when dry. 

Figure No. 24. is a graph of battery voltage versus t i m e  for  

two discharges tha t  were made during the cycling at: 120' F. 

noted tha t  the decrease i n  divalent oxide voltage ~7as much more rapid 

and occurred nore rapidly t h m  a t  20' F. 

It can be 

3. Cyclic Tedt i n  Vacuurn Chamber a t  10% Depth of Discharge 
a t  30' P 

This test is being perforned on a ten c e l l  battery t ha t  was 

fabricated from un€ormed plates.  The c e l l s  Irere formed and subjected 

t o  approximately ten conditioning cycles pr ior  to the start of t h i s  

tes t .  

nected to  a niechanical vacuum pump. 

tained i n  the v a c u ~  chzmber is less than 1GO microns of mercury abso- 

lute .  

discharge and a GO minute cliarge. 

The bat tery tias placed i n  a VBCUUQ chaa5e-r and the chamber con- 

The absolute pressure tha t  is main- 

The cycl ic  fre-quency oC the bat tery 2s 100 ninutes riith e 49 minute 

The depth of discharge €3 lo%, or an 

output of 0.5 ampere-hour. D a i l y  recoz2itr~s are taken on the c e l l  end- 

of-charge and end-05-discharge voltage. - 66 - 



I n  Table No. xvllc are  recorded 'she end-of-charge and end-of- 

The Table shoi~s tha t  the charge discharge voltages at v a i o u s  cycles. 

and discharge c e l l  voltages have rsnained qui te  consistent throughout 

the en t i r e  tes t ing  t o  date. 

t inue u n t i l  one c e l l  begins to  f a i l  a t  which tine the other c e l l s  trill 

accept a greater c5arginl: voltage. 

It is f e l t  tha t  t h i s  consistency t r i l l  con- 

I 

Figure No. 25 i s  a graph of the bat tery voltage versus t i m e  

During the first f o r  the f i r s t  and 1426th discharge of t h i s  battery. 

discharge cycle, the en t i r e  battery voltage ~7as maintained at  the diva- 

lent oxide level.  After 1488 cycles, the divalent oxide leve l  of volt -  

age has decreased t o  approximately 25% of the t o t a l  discharge. This 

indicates  that the charging t i m e  interval is not long enoudi to com- 

p l e t e ly  charge the batcery. On. the i n i t i a l  charge and discharge cycle, 

the output of the bat tery greatly exceeded tha t  which could be replaced 

in the 60 minute charge interval ,  

s l i g h t l y  larger  than the output. 

After 1438 cycles, the input v7as 

4. 

To evaluate the silver-ca3nium system from the standpoint of 

Cyclic Test a t  100% Depth of Discharge, 80" F 

very deep depths of discharge, a cyclic test vas s t a r t ed  tha t  would allot? 

a discharge of f ive  ampere-hours over a two hour period, and a recharge 

consisting of 1 2  hours of modified constant potent ia l  charging a t  1.50 

vol t s  per ce l l .  

atmospheric pressures. 

a charge and discharge cycle, only l i m i t e d  infoxmatior? is  available a t  

this time. 

This test i s  being conducted a t  80" E' and a t  normal 

Because of the extendes t i m e  in te rva l  t o  complete 

I n  Table No. XVIXI ore recorded the end-oZ-charge and end-of- 

discharge voltages of each of the ce l l s  i n  the Saztery. tlhile there has 
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been some s l i g h t  variation i n  the end-of-charge voltage, and a s l igh t  

decrease i n  the end-of-dioctiarze voltage, a s  a whole the voltages have 

remained very constant. 

Figure No. 26 i s  a graph of bat tery voltage versus t i n e  fo r  the 

These two curves show tha t  the first and 54th dischargc of this battery. 

ba t te ry  divalent oxide voltage has actual ly  increased over these longer 

charging intervals .  

but only s l igh t ly ,  

A t  the same t h e ,  the discharge voltage has decreased 

The cells i n  t h i s  battery were fabricated from unforned plates.  

It is fe l t  t ha t  the cyclic l i f e  of t h i s  bat tery w i l l  be a function 

wholly of the l i f e  o f  the separation. 

life expectancy i s  an int-sme function of depth of  discharge. 

quently t h i s  battery,  being discharged a t  approximately i t s  f u l l  capacity, 

can be expected.to have a signif icant ly  shorter cycle l i f e  when neasured 

in number of cycles than a battery cycled a t  a 10% depth. 

It is a lso  fundamental t ha t  cycle 

Conse- 
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C e l l  lealxize has been ninimizeJ by the u t i l i za t ion  of the 

compression type seal. 

it has been leak tested on a MSS spectrometer, and its' leak r a t e  was 

determined t o  be 1.1 x loo7 cc of helium per second a t  a 15 ps i  d i f fe r -  

en t i a l .  

and 0-xygen atmosphere without any appreciable r e su l t s  being obtained. 

Investigations a r e  s t i l l  being made for  the procurement of a ceranic 

Althoogh this sea l  i s  not a t rue  hermetic seal ,  

Various ceramic sea ls  have been tested i n  a potassium hydroxide 

seal capable of mininizing c e l l  leakage for long cycl ic  l i fe .  At pres- 

ent,  no ceramic sea l  has been found, which F70Ufd be superior t o  the com- 

pression type seal. 

Separation evaluation tests have been conducted t o  determine 

the separators t o  be used i n  cell construction. These tests coasisted 

of eight three-plate elenents, u t i l i z ing  various separators tdiich vexe 

i 
subjected t o  autouatic cycling. After prolonged cycling, the elements 

were placed on open c i r cu i t  stand for app:oximately ten days. 

eight elements tested,  only three exhibited noma1 open c i r c u i t  voltage 

after the stand period. 

the separation t o  be used i n  c e l l  construction was chosen. 

O€ the 

From the separators used i n  these three elements, 
I 
'I 

The magnetic properties 02 che cel l  hsve been minimized 

i. . throug3 the select ion of proper coqonen'is. Series 300 s t a in l e s s  steel 

was used wherever possible because of i t s  low magnetic properties. The 

magnetic properties oE the c e l l  should be su i tab le  for  t h i s  par t icu lar  

application. 

Limited dynanic tes t ing has been perEormed on both s ingle  cells 

end bat te r ies  tha t  vas i n  excess to  .the normal rcmge of requirements. 

During a l l  dynamic testinp, the ce l l s  were discharged a t  a r a t e  05 0.75 



amperes. There was no indication of mal2unction during tes t ing,  and 

"post mortems" of tested cells revealed no internal  damage of any type. 

The power output per u n i t  weight of the f ive  ampere hour c e l l  

has been improve3 by the u t i l i za t ion  of hi$er density plates  i n  c e l l  

construction, which reduced the re la t ive  amount of inactive materials 

such as  grid and separators. Also, a tme couplete u t i l i za t ion  of the 

c e l l  volume has aided i n  obtaining greater power output per uni t  weight. 

Several automatic and manual cyclic t e s t s  have been conducted 

to  establ ish the operating character is t ics  of the  f ive  ampere-hour sealed 

s i l v e r  oxide-cahiun c e l l  a t  various temperatures. 

t e s t  ~ 7 a s  conducted a t  120" F, and automatic cycl ic  t e s t s  a r e  s t f l l  being 

conducted a t  20" F and 80" F. 

charac te r i s t ics  of the c e l l  were determined, along with other c e l l  operat- 

ing characteris t i cs .  

~n automatic cyclic 

From these studies, charge and discharge 

Some s t u d i e s  were perforilled t o  evaluate the couple Zor extended 

overcharge period. 

l e n t  oxide capacity level  will produce high in te rna l  c e l l  pressures 

unless a high r a t e  of recombination can be achieved. Eowever, operation 

of the c e l l  a t ' t h e  monovalent oxide capacity level  by constant potent ia l  

charging does not require a high recombination ra te .  

It was found that  opepatton of the c e l l  a t  the diva- 
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IV. DISTRIBUTION OF EEJGXIEZRING HOURS AND ;dATERIALS 

The following is a l ist  of engineering personnel and technicians 

associated with th i s  contract, the hours of work performed by each, and 

the cost of materials purchased during the Fourth Reporting Period: 1 .  
pame Title Hours 

Morse, E.  Senior Engineering Supervisor 44 

Sieglinger , F . Pro j ec t Engineer 159 

Call, D, Battery Engineer 508 

Cam, D. Technician 396 

280 
1337 

Kernohan, T. Technician - 
Purchased Materials C o s t  0-----------$ 1,339.29 

I 
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FIGURE NO. 20 
Container and As sembl y 
For Separation Testing 
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TABLE NO. XV 

CYCLE LIFE VOLTAGE WACTERISTICS AT 
DISCHARGE DEPTH OF LO%, 20" F 

(End-of-Charge and End-of-Discharge Cell Voltage) 

I 

47 bG 49 50 I 51 52 53 54 54 Cyc1e 46 
No. 

1 

204 

403 

605 

807 

1007 

1211 

1400 

1602 

1603 

2007 

2136 

1.50 1.49 1.50 1.49 1.51 1.50 1.50 1.51 1,49 1.50 
1.08 1.03 1.02 1.08 1.OG 1.09 1.08 1.08 1.08 1.013 

1.50 1.50 1.50 1.50 1.50 1.51 1.49 1.50 1.50 1.49 
1.08 1.08 .le08 1.03 1.07 1.08 1.08 1.08 1.08 1.08 

l.50 1.51 1.50 1.50 1.50 1.50 1.51 1.52 1.51 1.50 
1.07 1.06 1.07 1.07 1.06 1.07 1.07 . 1.07 1.07 1.06 

1.50 1.50 1.50 1.50 1.4-9 1.49 1.50 1.51 1.51 1.50 
1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.96 

1.50 1.51 1.49 1.SO 1.50 1.49 1.49 1.51 1.51 1.50 
1.06 1.06 1.06 1.06 1.06 1.06 1.OC 1.06 1.06 1.06 

1.49 1.51 1.49 1.49 1.49 1.50 1.50 1.51 1.51 1.50 
1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 

1.50 1.51 1.50 1.50 1.50 1.50 1.50 1.51 1.50 1.50 
1.0s 1.05 1.05 1.06 1.05 1.05 1.05 1.05 1.05 1.05 

1.50 1.51 1.50 1.50 1.50 1.50 1.50 1.51 1.50 1.50 
1.05 1.06 1.06 1.05 1.05 1.05 1.06 1.06 1.05 1.05 

1.50 1.51 1.49 1.49 1.50 1.50 1.50 1.51 1.50 1.50 
1.05 1.05 1.05 1.05 1.05 1.06 5 0 5  1.Q5 1.05 1.05 

1.51 1.50 1.50 1.50 1.50 1.50 1:50 R 5 0  1.51 1.50 
1.05 1.05 1.05 1.05 1,05 1.05 1.05 1.05 1.05 1.05 

1.50 1.50 1.49 1.49 1.50 1.49 1.50 1.50 1.50 1.50 
W 

1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 

1.50 1.50 1.49 1.49 1.50 1.49 1.50 1.50 1.50 1.50 
1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 



TABLE NO. XVI 

1 609 1.43 1.64 1.43 1.45 1.57 1.28 1.56 1.44 1,57 1.64 
1.09 1.09 1.09 1.03 1.04 1.07 1.07 1.09 1.09 1.04 

i 

I 1 .I :*: . 

t .  

CYCLE LIFE VOLTAGE CHARACTERISTICS AT 
DISCHARGE DEPTH OF lo"/,, 120" F . 

(End-of-Charge and End-ofODischarge Cell Voltage) 

36 37 38 39 40 , 41 42 43 44 45 Cycle 
NO 

1 1.50 1.52 1.49 1.51 1.4.8 1.50 1.50 1.49 1.52 1.49 
1.12 1.12 1.12 1.11 1.12 1.11 1.12 1.12 1.12 1.12 

102 1.49 1.54 1.48 1.53 1.48 1.52 1.49 1.48 1.54 1,47 
1.10 1.10 ' 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 

267 1.48 1.61 1.44 1.60 1.44 1.59 1.48 1.46 1.65 1.44 
1-10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 

1.09 le10 1.10 1.10 1.10 1.09 1.10 1.10 1.10 1.09 
305 1.64 1.46 1.44 1.46 1.46 1.66 1.66 1.45 1.45 1.44 

406 1,44 1.64 1.44 1.56 1.62 1.63 1.44 1.44 1.44 1.43 
1.10 1.03 1.10 1.03 1.07 1.06 1.10 1.10 1.10 1.10 

493 1.43 1.64 1.44 1.44 1.43 1.59 1.64 1.44 1,59 1.44 
1.09 1.09 1.10 1.09 1.09 1.07 1.00 1.09 1.07 1.10 

. L, 



TABLE .NO. XVIX 

! *  I- 
CYCLE LIFE VOLTAGE WfiCTERISTICS AT 

DISCHARGE DEPTH OF la, GO” F 
(End-of-Charge and End-of-Discharge Cell Voltage) 

e 

12 13 14 I 15 16 17 18 19 20 Cycle 11 
No . 
18 

204 

408 

601 

803 

1007 

1211 

1400 

1599 

1699 

1.50 
1.08 

1 .SO 
1.08 

1.51 
1.0s 

1.51 
1.08 

1.49 
1.08 

1.49 
1.02 

1.49 
1.08 

1.50 
1.08 

1.49 
1.08 

1.49 
1.08 

1.50 
1.08 

1.49 
1.08 

1.51 
1.08 

1.51 
1.08 

1.50 
1.03 

1 S O  
1.03 

1.50 
1.08 

1.49 
1.08 

1.49 
1.0s 

1.49 
1.03 

1.50 
1.03 

1.51 
1.06 

1.50 
1.08 

1.51 
1.08 

1.51 
1 .06 

1.51 
1.08 

1.51 
1.08 

1.51 
1.03 

1.50 
1.02 

1.51 
1.08 

1.50 
1.08 

1.50 
1.08 

1.49 
1.03 

1.49 
1.08 

1 .SO 
1.03 

1.50 
1 .03 

1.50 
1.08 

1 .so 
1.03 

I .51 
1.08 

1.51 
1.08 

1.50 
1 .os 
1.50 
1,OG 

1,50 
1.08 

1.50 
1.08 

1.50 
1.03 

1 .SO 
1.08 

1.50 
1.OG 

1 .SO 
1.02 

1.49 
1.08 

1.50 
1.08 

1.50 
1.OG 

1.49 
1.00 

1.49 
1.08 

1.49 
1.08 

1 .so 
i.oa 
1.50 
1.08 

1.50 
1.0s 

1.50 
1.08 

1.51 
1.08 

1.50 
1.08 

1.50 
1.08 

1.50 
1.08 

1.50 
1.08 

1.49 
1.08 

1.49 
1.33 

1.50 
1.03 

1.50 
1.08 

1.50 
1.06 

1.51 
1.08 

1.50 
1.03 

1.50 
1.08 

1.51 
1.03 

1.50 
i .oa 
1 .SO 
l*O$ 

1.51 
1.03 

1.51 
1.08 

1.51 
1.08 

1.51 
1.03 

1.51 
1 .03 

1.50 
1.08 

1 .so 
1.08 

1.50 
1 .OC 

1.50 
1.03 

1.51 
1.03 

1 .so 
1.03 

1.49 
1.08 

1.49 
1.0c 

1.49 
1.08 

1.49 
I .oa 

1.51 
1.08 

1.50 
1.08 

1.50 
1.08 

1.50 
1.08 

1.49 
1.08 

1.50 
1 .03 

1.50 
1 .os 
1.50 
1.02 

1.50 
1.08 

1.50 
1.08 

1.49 
1.0c 



TABLE NO. XVIff 

CYCLE LIFE VOLTAGE CEIANLCTERISTICS AT 
DISCHARGE DEPTH OF loo%, GOo F 

(End-of-Charge and End-of-Df scharge Cell Voltage) 

1 2 3 4 '  '5 6 7 8 9 10 
Cycle 
NO w 

1. 1.50 
1 .O4 

24 1.50 
1.04 

48 1. 49 
1.03 

72 1.49 
1.03 

121 1.49 
1.02 

146 1.53 
1.03 

1.50 
1-04 

1.49 
1.03 

1.48 
1.02 

1.54 
1.02 

1.54 
1.02 

1.48 
1.01 

1.50 
1.04 

1.50 
1.04 

1.49 
1.03 

1.47 
1.03 

1.43 
1.01 

1 . 47 
1.01 

1.50 
1.03 

1.51 
1-03 

1 .53 
1.04 

1.54 
1 .oo 
1.47 
1 .or 
1.53 
1.02 

1.50 
1.04 

1.52 
1.04 

1 .52 
1.04 

1 . $2 
1.03 

1.49 
1.03 

1.50 
1.03 

1.50 
1.04 

1.49 
1.03 

1.43 
1.00 

1.47 
1.01 

1.48 
1.01 

lo43 
1.03 

1.50 1-51 
1.04 1.04 

1.51 1.50 
1.04 1.04 

1.52 1.50 
1.03 1.03 

1.55 1.54 
1.02 1.02 

1.51 1.54 
1.02 1.03 

1.52 1.53 
1.03 1.01 

1.49 
1.03 

1-50 
1.04 

1 .50 
1.03 

1.53 
1.01 

1.40 
1.02 

1.52 
1.03 

1.50 
1.04 

1.49 
1.04 

1.53 
1.03 

1.50 
1.03 

1.53 
1.02 

1.52 
1.00 
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